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Abstract. While there are many parsec - scale Herbig-Haro (HE) outflows known to be driven by low - mass young 
stars, few are associated with their intermediate mass counterparts. Here we present the discovery of five such 
bipolar outflows. Of these, LkHa 198, 1548C27 IRS 1, LkHa 233 and LkHa 234 were previously known to possess 
small-scale HH flows, while no such activity was observed before near IRAS 19395-f 2313. The largest of the newly 
discovered outflows are seen in the vicinity of LkHa 234 and 1548C27IRS1, and stretch (in projection) 8pc and 
7.5 pc respectively. LkHa 233 which was previously known to power a spectroscopically detected small-scale (<10") 
jet is now seen to drive a 3pc outflow and LkHa 198 is shown here to power a 2pc outflow. Two HH objects in 
the vicinity of IRAS 193954-2313 lead us to suggest that it may also be responsible for a 5pc outflow. In total, 
27 new HH objects/complexes were discovered. Examination of these parsec -scale outflows show that they have 
similar lengths, morphologies, and dynamical timescales as those from low - mass sources. Many appear to have 
blown out of the parent cloud, suggesting that their total lengths are much greater than optically observed. The 
degree of coUimation of these outflows is similar to those from low -mass sources suggesting that the transition 
to more poorly - coUimated outflows must occur at higher masses than the sources observed here. 
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1. Introduction 

HH objects are the shock - excited nebulous tracers of 
outflows from pre-main sequence stars. In many cases 
these outflows are collimated in the form of highly su- 
personic jets the existence of which appear to be intrin- 
sicly linked to accretion by the underl ying; young stellar 
object (YSO) l|Hartigan. Edwards. fc Ghandour. 1995). 
Most known optical jets have low mass (~ IMq ) sources: 
either the embedded (IRAS Class I) counterparts of clas- 
sical TTauri stars or classical T Tauri stars themselves 
ijReipurth. Ballv. fc Devh5ll997|) . 

Turning to higher mass YSOs (> IOMq ), such as 
those driving the Orion OMC 1 o r Cepheus A ou t flows, 
one sees a v er y difi:e r ent picture l| Allen fc BurtonL fl99.'^ 
lO'Dell et 3,1.1. 119971: iHartigan. Morse, fc RaHvl l2nn(t 
Their outflows, although highly ener getic, often appear 
poorl y collimated and more chaotic l|Reipurth fc Ballvl 
l200l|) than their low mass counterparts. This transfor- 
mation begs two obvious inter-related questions: at what 
point docs the transition occur and is it a smooth func- 
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tion of mass? To answer these questions one must examine 
outflows from YSOs of mass greater than ~2Mq. 

Optical outflows have been observed from a number of 
intermediate - mass (2Mq < M, <10Mq) YSOs, for ex- 
ample R Mon, LkHa 234, and AFGL 4029 (Ray et al., 1990 
and references therein). Such stars, where optically visi- 
ble, are known as Herbig Ae/Be stars (HAEBES) although 
their embedded counterparts have also been seen. However 
optical outflows from these YSOs are rare and there are 
a number of reasons for this. The initial mass function 
favours the production of low mass stars and therefore in- 
termediate mass YSOs tend to be found at relatively large 
distances. More massive stars also have a faster evolution- 
ary timescale - i.e. they evolve more quickly than low- 
mass YSOs and so their outflow phase is shorter. This 
would also make their outflows more difficult to detect. 
Another contributing factor could be that massive stars 
tend to be more obscured : intermediate and massive stars 
tend to be surrounded by large amounts of circumstellar 
gas and dust, making it harder to find an outflow at visual 
wavelengths. Finally there may well have been a historical 
bias towards studying outflows from low -mass stars. The 



situation however has changed m recent years as more and 
more studies focus on higher mass YSOs. 

With these ideas in mind, we have investigated 
the occurrence of large-scale outflows from interme- 
diate mass stars. By large scale we mean those 
stretching several parsecs e.g. the PV Ceph ei out- 
flow at 2.6 pc jComez. Kctvou. fc Whitnevl . Il997t 
lR,eiDiirth Ballv. fc Devinj. hmih. the HH 80/81 5.3 pc 
outflow l|Marti. R odriguez. & Reipurth,, 1 993) a nd the 
HH 3 54 outflow at 2.4 pc ifReipurth. Ballv. fc Devind . 
Il997tl . We emphasise that these outflows have vastly 
longer associated timescales than those of "traditionally" 
observed flows. A small-scale HH jet close to its source 
has a dynamical timescale of only a few hundred years, 
whereas the HH objects in these parsec- scale flows trace 
mass ejection over tens of thousands of years. They are, 
in effect, fossil records of the mass -loss histories of their 
parent star. 

Newly detected parsec - scale outflows around five in- 
termediate - mass young stars are discussed here (see also 
TableHand TableE)). Of these, LkHal98, LkHa233 and 
LkHa234 are of spectral type A and 1548C27 is A7-F0. 
All of these stars were known to possess small-scale optical 
outflows. The one optically invisible YSO in our sample, 
IRAS 19395-1-2313, was not previously known to drive any 
outflow. 

Section 2 describes how we made our observations and 
in Section 3 we present our newly discovered large-scale 
flows. The implications of our findings are discussed in 
Section 4 and our conclusions are drawn in Section 5. 



2. Observations 

To carry out our survey we used the Wide Field Camera 
(WFC) at the prime focus of the 2.5m Isaac Newton 
Telescope at El Observatorio del Roque de los Muchachos 
(La Palma, Canary Islands). The WFC consists of four 
thin - coated EEV CCDs each with 2048x4100 15/zm2 pix- 
els. One pixel projects to 0'.'33 on the sky. Three of the 
CCDs are positioned from north to south with their long 
axes adjoining. The fourth is attached to the west to form 
a square mosaic (34.'2 wide) with its northwestern corner 
missing. 

Our images were taken on nights between the 13**^ 
and the 21*^' of July 1998. Seeing was moderate at 1'.'15- 
1'.'5 as measured from the images. HH objects were iden- 
tified using a number of narrowband emission line fil- 
ters: Ha(Ac = 6568A, AA(FWHM) = 95A), [SII](Ac = 
6725A, AA(FWHM) = 80A) and [OIII](Ac = 5008A, AA 
(FWHM) = lOOA). To distinguish HH emission from re- 
flection nebulosity, we also took broadband images in V 
and I. Exposure times for the narrowband and broadband 
images were typically 30 and 10 minutes respectively. The 
data was reduced using standard IRAF reduction proce- 
dures. 
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Table 1. Positions of the new HH objects found in this 
survey and their probable sources. 



3. Results for Individual Regions 

3.1. LkHal98 & V376 Cas 

LkHo; 198 and it s nearby comp anion, V376 Cas, are both 
Herbig Ae stars l)Herbi located in the small dark 

cloud L1265, at a distance of 600 pc ( Chavarria-K 1 . 
An asymmet rical, bipolar molec u lar outflow in this r egion 
was noted bvl Canto et"al] l)l984j) . lstrom et al ! h98&t sub- 
sequently found the first optical outflow tracer, HH 161, a 
bright HH object some 12" from LkHa 198 at a position 
angle (P.A.) of 100°. Further observations by ICoodrichl 
lll993l) yielded another HH knot 81" away at a P.A. of 
153°. This object was rediscovered bv lAspin fc ReipurthI 
l)2000() who refer to it as HH461. 

The discovery, however, of LkHa 198 B, a deeply em- 
bedded companion to LkHa 198, bv iLagage et al ] ill 993h 
raised the question of which of these two stars is the 
primary outflow source in this region. In their study 
ICorcoran. Rav. fc BastienI l|l995|) (hereafter referred to as 
CRB) concluded there are two separate outflows with their 
origin in the vicinity of LkHa 198: one driven by LkHa 198 
itself and the other by LkHa 198 B. Their observations of 
HH 161 revealed a tail pointing back towards LkHa 198 B 
and they also discovered a suspected bow shock 39" south- 
east of this source. The bow shock (their knot B), HH 161 
and its tail are all aligned and appear to constitute a one- 



sided outnow rrom LkHalysB. io date no countcrnow 
has been seen. CRB also found a number of faint HH 
knots (HH 164 C, D and E - see inset in Fig. with the 
same P.A. from LkHa 198 as HH461. Thus HH164C, D 
and E and HH461 appears to dehneate an outflow from 
LkHa 198. To the north they also discovered a faint knot 
(HH 164 F) which may be a tracer of the counterflow from 
LkHa 198. Finally to the east of V376 Cas a number of 
bright HH emission knots, HH 162, were also found by 
CRB. These knots were seen again in our images, although 
their origin remains unclear. 

Two of the three HH complexes found here are ex- 
tensions of the outflow from LkHa 198 discovered by 
CRB. HH801 has the same P.A. of 340° with respect to 
LkHa 198 as HH 164 F and is therefore almost certainly 
part of the same flow. It appears to be an asymmetrical 
bow shock of which we primarily see the western wing (B 
in Fig. 121) some 45" in length. There are also a number of 
more easterly knots, C - F. Knot A may also be part of 
the western wing. 

In the diametrically opposite direction from HH801 
through LkHa 198 we find HH 802. It consists of a number 
of features, A-I (Fig. which at first sight look some- 
what chaotic. Feature E, however, like its counterpart in 
HH801, could be the western wing of an asymmetrical 
bow shock. The total length of HH802 is some 2'. It has 
a P.A. of 160° with respect to LkHa 198 and it is aligned 
with knots C, D and E (CRB) of HH 164 and HH461 i.e. 
it is the counterflow of HH 801 and HH 164 Knot F. The 
furthest knot in HH802 (Knot I) is at a distance of 8.'16 
(1.4 pc) from LkHa 198, implying the total projected ex- 
tent of the flow, from HH801 to HH802, is some 2.3 pc. 

HH 800 to the northwest of HH 801 is unlikely to be 
part of the HH801 - HH802 outflow unless the outflow 
direction has changed abruptly. Although changes in flow 
direction have been observ ed in other parsec-scale outflows 
llReipurth fc Ballvl. 1200 ll) . they tend to be more grad- 
ual. Moreover HH 802 is even further from LkHa 198 than 
HH800 (at least in projection) and the flow associated 
with the former appears to have maintained a constant 
outflow direction. We should also add that HH 800 is prob- 
ably not part of the counterflow from LkHa 198 B as its 
outflow is at a P.A. of 132° while HH 800 is at -330° with 
respect to this source. We cannot however exclude the pos- 
sibility that the outflow axis may have swung through 18°. 
Finally either of the two optically invisible IRAS sources 
in the region (Fig. ^ could be its driving source. IRAS 
completeness in this region is of the order of 5Lq. Proper 
motion studies would clearly help to identify its origin. 



3.2. 1548C27 

The cometary-shaped reflection nebula 1548C27, and its 
as sociated Ha emission line jet (HH 1 65) were first noted 
bv lCraine. Bvard. & Boeshaail ljl981 ). The optica l jet, a t 
a P.A. of 54°, was later confirmed bv lMundt et all (|l984l) . 



A low - mass, poorly coiiim ated molec ular outflow was also 
observed in the region bv .Dent fc Aspin (1992;) . 

Near-infrar ed photometry in th e immediate vicinity 
of 1548C27 bv lVilchez et all l)l989j) yielded two sources. 
One of these appears to be a foreground star but the 
other, IRS 1, is located near the apex of the nebula, and 
they suggest this to be the driving source of HH 165 (see 
Fig. The IRAS PSC (point source catalogue) shows 
IRAS 19407+231 6 to be located close to, but not coinci- 
dent with, IRS 1. Ivilchez et all l|l989l) however conclude 
that both near- and far -infrared sources are the same 
object, which, for convenience, we will refer to here as 
IRSl. 

The optical jet (HH 165) is very narrow, with a width 
of 2" - 3" and its length is estimated to be ~45". There 
is a gap of ~13" between the source and the jet and two 
bright kn ots are vis ible at 23" and 29" from the source 
(Mundt ct"anil984l). The kine matic distance of 1548C27 
is 2.4 kpc Dent fc Aspinl l|l992l) which implies a luminosity 
for IRS 1 of approximately 580 Lq . 

Another sta r S2, 10" northeast of 15 48C27 , 
was found by IScarrott. Rolph. fc Tadhunte^ l)l99lh . 
This star illuminates the nebula along with IRS 1 . 
IScarrott. Rp loh. fc Tadhunter (1991) suggest HH165 
curves towards this star, implying that it is the driving 
source, however we find no evidence in our images to 
support this idea. 

HH365 to the northeast o f 1548C27 was briefly re- 
ferred to bv lAlten et alJ l)l997|) as being bow-shaped and 
possibly associated with HH 165. This object was men- 
tioned in their paper but no image of it was included. Its 
morphology is clearly seen here in Figs.0]and|ll HH 365 is 
8.'13 (5.7 pc) from IRS 1 at a P.A. of 46° i.e. close to that 
of the HH 165 jet. From our images it appears to consist 
of two bright regions, Knot A and Feature B that extends 
to the northwest some 8" (Fig. [SI . The overall shape of 
Feature B is suggestive of an asymmetrical bow, the axis 
of which points roughly back towards 1548C27. 

Our survey also revealed a number of possible new 
HH objects (see Fig. 0} although several are very faint. 
Moreover, it is unclear whether Knots A, B and C (Fig. 
IH)), for example, to the northwest of HH 165 are HH ob- 
jects, as there is a lot of contaminating HII nebulosity in 
the region. However the fact that these lie on the path be- 
tween HH165 and HH365 would suggest they might be. 
Further study is necessary, however, to determine their na- 
ture and for this reason we will desist from assigning them 
HH numbers. In any event it seems likely that HH 165 and 
HH 365 are part of the same outflow from IRS 1 and that 
Knots A, B and C may also be part of this flow. 

A counterjet from IRS 1 was found recently in the near- 
infrared (Whelan, private communication). It lies along 
the same line as HH 165 at a P.A. of 234° and extends for 
at least 5". A number of faint [Fell] emitting knots were 
also seen beyond the counterjet. Neither the counterjet 
nor any of these knots are observed in our optical images, 
presumably because of extinction. 



HH8Ua (i- ig.lIJI, 2:6a (1.85 pcj southeast ot IKS 1 at a 
P.A. of 223° has a very interesting morphology. It appears 
to be bow-shaped but convex towards IRS 1. It is 50" in 
width and contains a 13" "jet-Uke" feature bisecting the 
bow. The "ring" at the southern edge of the bow and the 
diffuse appearance of Knot A to the north add to the com- 
plexity of this object. Note that the jet -like feature does 
not quite point back towards IRS 1 . We should also add 
that apart from IRS 1 , no other IRAS sources were found 
in the region strengthening the possibility that HH 803 is 
driven by IRS 1 . 

If we include Knots A, B and C as part of the 
HH165/HH365/HH803 outflow then its overall appear- 
ance suggests that it may be slowly precessing with shifts 
in the outflow direction of at least 10°. The sense of pre- 
cession (i.e. point-like symmetry through IRSl) to the 
northeast is also consistent with the position of HH 803 to 
the southwest. 

3.3. The IRAS 19395+2313 Region 

A number of HH objects and possible sources were found 
in this region (see Fig. 0, which lies approximately 18' 
west of 1548C27 and is also in the vicinity of the young 
open cluster NGC 6823. It is highly unlikely that any 
of these newly-discovered HH objects are part of the 
1548C27IRS1 outflow although we will assume they are 
at the same distance, i.e. 2.4 kpc. 

Two of the newly discovered HH objects are found 
close together - HH806 is 30" west of HH807 (Fig. ^. 
The region between them coincides with a gap in the 
CCD mosaic although a cursory inspection of the Palomar 
Sky Survey Red (E) plate shows there is a star in the 
"gap", ALS 10422 or IRAS 19399-f 2312 (at 19''42™05.5" 
-F23°18'59", J2000) which, at first sight, might be a pos- 
sible HH driving source. This object is however a n AGB 
star l|Parthasarathv. Viiamirkar. fc Drillind . 120001) so we 
can disregard it. We also see on the Palomar Sky Survey 
red (E) plate, a conical nebula ~36" southeast of HH 806 
(at 19^42^02.12^ -h23°19'30", J2000) which may be as- 
sociated with the driving source of this object. In fact 
HH806 lies along the major axis of this conical nebula. 
Although this nebula is not seen in Fig. its position is 
marked. There is no obvious driving source for HH 807. 

HH805 has an interesting morphology (Fig. ^ and 
IRAS 19395H-2313 seems an obvious candidate to be its 
driving source given its position. We have estimated the 
luminosity of IRAS 19395-1-2313 to be ~ 320 Lq. The an- 
gular extent of HH805 is approximately 45" (0.5 pc) and 
it can be seen from Fig. El that this outflow is poorly coUi- 
mated. Morphologically it appears to have a knotty ring- 
like structure and is reminiscent of th e HH complex associ- 
ated with V380Ori llCorcoran fc RavL 11995). HH804 (Fig. 
ID) may be part of the counterflow from IRAS 19395-f 2313 
although we emphasise that this association is highly un- 
certain. It is at a P.A. of 80° with respect to the latter. 
HH 804 is at a distance of 6.'3 from IRAS 19395+2313, im- 



plying the total projected extent ot the now, assuming 
HH 804 is part of it, is ~5 pc. 

3.4. LkHa 233 

LkHg 233 is an A5e- type pre - main sequence star 
l|Corcoran fc Ravi Il997(l at a distance of 880 pc and is 
associated wit h a bipolar nebula th at is approxima tely 
0.1 P C in size llCalvet CohenL lTflTS: Staude & Elsasig], 
I1993I) . The nebula has a distinct X - like morphology with 
bright reflection limb s at 50°/90°and 230°/ 270 °. 

The discovery by iLeinert. Haas, fc Weitzell ^|l993^ of 
a light scattering "halo" ~1" in size around LkHa 233 
led them to suggest that the star is highly embed- 
ded and optically visib le largely through scattered light. 
ICorcoran fc O l)l998|) discovered a bipolar jet and coun- 
terjet (HH398) spectroscopically at P.A.s of approxi- 
mately 245° and 65° that bisect the X - shaped nebula. In 
their spectrograms, the redshifted counterjet is seen to be- 
gin 0"7 from the centre of the stellar continuum, whereas 
the blueshifted jet can be traced right back to the con- 
tinuum peak. The jet, and counterjet, can be seen in our 
continuum subtracted image (Fig. I12|l along with a num- 
ber of HH objects along the outflow direction. 

Evidence for the presence of a large "polarisation disk" 
centred on LkHa 233 with a radius of about 1 5000 AU was 
found by lAsnin. McCaughrean. fc McLeanI (,1985.). The 
position angle of this disk is about 155°, which places it 
perpendicular to the observed optical outflow. The exis- 
tence of this "polarisation disk" combined with the fact 
that the counterjet is not seen spectroscopically close to 
the star leads to the conclusion that there is a circumstel- 
lar disk present that obscures the beginning of the receding 
flow. 

Close to LkHa 233 the [SII] emission can be resolve d 
into two velocity components l|Corcoran fc Ravi Il998j) . 
The high velocity component is identifled with the op- 
tical jet while the low velocity component, which extends 
to less than 2" from the star, may be modelled as a ro- 
tationally broadened disk wind (see Kwan fc Tademaru, 
1995). 

This survey revealed a number of previously unknown 
HH objects in the vicinity of LkHa 233. It is possible that 
not all of these objects can be attributed to LkHa 233 and 
the positions of a nearby IRAS source, IRAS 22317-1-4024, 
complicates our analysis (see Fig. EU- Candidate driving 
sources for all the new HH objects are suggested here. 

Continuum subtracted images of the nebula surround- 
ing LkHa 233 reveal a number of HH features which are 
not seen, at least so clearly, in the [SII] image alone. Fig. 
1121 shows the first optical images of an ^7" jet emerging 
from the LkHa 233 nebula at a P.A. of -248°, which is 
relatively close to the P.A. of the jet a s spectroscopically 
determined bv ICorcoran fc Ravi l)l998j) . A possible coun- 
terjet to the northeast of LkHa 233 is also seen in this 
image. But it is difficult to determine whether this is ac- 
tually a counterjet or simply a residual of the continuum 



subtraction process, there are two other emission knots 
to the southwest of the source. The first of these, HH808, 
is situated close to a diffraction spike from a bright star to 
the west of LkHa233. HH808 is 1.'05 from the source at 
a P.A. of 250°. The second knot, HH809, is 2'.2 from the 
source at a P.A. of 241°. Two other objects were seen to 
the northeast of LkHQ:233 at a distance of ~2', the first 
has a P.A. of 63° and the second is at 65°. These objects 
are outside the area shown in Fig. 1121 and it is unclear at 
present whether these are HH objects. 

Also to the northeast of LkHa 233 , we discovered 
HH814 (Fig. Uni) at a distance of 5fl8 (1.3 pc). The 
morphology of this object may be studied more clearly 
in the continuum subtracted image inset in Fig. 1101 
HH814 appears to be a broad bow shock facing back 
towards Lk Ha 233 at a P.A . of 4 7° with respect to 
LkHa 233 . ICorcoran & Ravi l|l99a|) determined a P.A. 
of approximately 65° for the counterjet, suggesting that 
if HH814 is part of the same flow, its direction has 
ch anged by ^20°. Note however that the P.A. determined 
bv lCorcoran fc Ra v (1998) is very crude as it was deduced 
by slit sampling at various P.A.'s. 

A number of other objects were discovered to the 
southwest of LkHa 233 (see Fig-EJ- HH810, HH811 and 
HH812, are at A'.5 (1.2 pc), 6' (1.5 pc) and 6'.5 (1.7 pc) 
respectively from LkHa 233, all at a P.A. of 236°. HH 813, 
at a distance of 7' (1.8 pc) has a P.A. of 247° with re- 
spect to LkHa 233. Considering the possibility that out- 
flows from higher mass stars may not be as coUimated 
as those from low mass stars, HH810-HH814 could be 
the optical tracers of the edges of a moderately coUimated 
flow driven by LkHa 233 . The axis of this outflow with 
respect to LkHa 233 is ^62° (marked on Fig. I10|) . which 
agrees well with the estimate of the P.A. of the jet closer to 
the source. It is also possible that HH 813 is a bow shock 
facing back towards IRAS 22317-^4024 (Fig.[lll). Proper 
motion studies could conclusively determine whether this 
is the case. 



3.5. The NGC7129 region 

A large number of YSOs are known in the NGC 7129 
cluster which lies at a distance of 1.25 kpc 
l|Shevchenko fc Yakubovl Il989l) . Aside from optically 
visible young stars such as LkHa 234 , there are many 
embedded ones. F or example, a 160 /im survey by 
iBechis et all ()l978j) revealed two far infrared sources 
and although one of them is spatially coincident with 
LkHa 234 (FIRSl), the other is 3' further south 

i FIRS 2) and optically invisib le . Add it ional infrared 
Weintraub. Kastner. fc Maheshl. Il994t ICabrit et al " 
Il997l) and sub - millimetre sources IIFuente et al .1 120011 
are also known. 

Associated with these sources one finds the usual 
host of phenomena typical of sta r form ation in- 
cluding reflec tion nebulae llBertoiitL Il987^■ molecu- 
lar outflows l|Edwards fc SnellL Il983t iBertoutL Il987t 



Mitche ll & Matthews, 199 J), HH o b jects UKavl 119871 
Miranda. Eiroa. fc Gomez de Castr ol Il993l) . HH jets 



llRa,vl Il987t iR.av et all Il99nt ICahrit. et all [T^) and 

shocked H2 flows fEisl6frel','2000|). 

Looking at the distribution of previously known HH 
objects in the region, and the new ones discovered 
here (see below), one gets the impression (see Figs, 
ini and HH that the primary outflow axis, or axes, is 
roughly in a northeast to southwest direction and cen- 
tred on the cluster core. Caution however is necessary. 
Proper motions studies have shown that some HH ob- 
jects like CCD 32 and HH 103 are not moving to the 
southwes t, as o n e mig ht suspect, but instead to the 
west (i,R,av et all Il99nl). Moreover others, like CCD 34 



I Gomez de Castro 



R,ob]esHl999|) a,T i d poss ibly CCD 33 
l|Cohen Schwartz Il98,3t lGoodric"hl have their 

own sources outside the cluster core. 

The HH815 complex fFig. I15() is over 1' in size and 
is at a distance of 11' (4 pc) from LkHa 234. The three 
emission regions in HH815 (A, B and C) appear to form 
the edges of a large bow shock that is concave towards the 
cluster core. HH816 fFig. ll6|) may be another bow trailed 
by a series of faint HH knots i.e. HH817-HH820. HH821, 
~15" north of CCD 35, is aligned with HH 819 and HH 816 
and so could form part of the same flow. We note also that 
HH 105, is on the same axis from the cluster core and that 
no source for HH 105, at least in its immediate vicinity, is 
known. 

The most distant HH object to the southwest of the 
cluster discovered by us is HH822 fFig. ll7|l . It is at a P.A. 
of 238° with respect to LkHa 234 and the morphology of 
its brightest component (HH822 A), i.e. a bow concave 
towards the cluster, suggests it is part of an outflow that 
originated there. An additional knot close to HH 103 was 
also found and we shall refer to it as HH103A fFig. I13|l. 
Given its location, it seems likely it is part of the same flow 
that drives HH822. Moreover faint emission can be seen 
linking HH103A to HH822A reinforcing this conclusion. 
Finally we add that HH822B is at a distance of 10.7 (3.9 
pc) from LkHa 234. 

The large number of sources in this region makes it 
extremely difficult, without detailed kinematic studies, to 
determine the origin of individual HH complexes. As pre- 
viously mentioned there are a number of low mass YSOs, 
like the one that drives GGD 34, present and this com- 
plicates our analysis. That said, it seems likely, purely on 
morphological grounds as well as location, that many of 
the newly discovered HH objects are driven by a source(s) 
in the cluster core. Because of their large distance from 
the core, however, it may prove impossible, even with 
good proper motion data, to determine their precise ori- 
gin. Several possible candidates exist including LkHa 234 
, IRS 6 and FIRSl-MMl. If we draw an imaginary axis 
through the core at a P.A. of 60°/ 240° it roughly de- 
lineates the region where most of the new HH objects, 
HH816 to HH822, are located. Assuming we are dealing 
with one outflow here, that originates in the core, then its 
overall angular size is 21.'8 i.e. ~8 pc in projected length. 



ihere are three other HH objects which are not situ- 
ated along the major axis marked in Fig. ^] HH 824 and 
HH825 are located on either side of IRAS 21416+6556 at 
143° / 323° with respect to this source, suggesting a possi- 
ble bipolar outflow driven by IRAS 21416-^6556. These ob- 
jects are 2' and 51" respectively from IRAS 21416-f 6556. 
The driving source of HH 823 is unclear as is its associa- 
tion with any of the other outflows in this region. 

4. Discussion 

4.1. Overall lengths 

It has been stated, albeit somewhat tongue-in-cheek, that 
the apparent length of optical outflows from YSOs used 
to be a function of CCD chip size! Early chips were small 
and sampled only a small angular patch of the sky. This, 
in combination with the episodic nature of the flows them- 
selves, conspired to suggest outflow lengths measured in 
tens of thousands of AU rather t han parsecs . In a number 
of cases however CCD mosaicing |IrIv I|1987I) did hint that 
some flows were at least in the parsec league. Large for- 
mat CCDs in focal - plane mosaics can cover fields of view 
larger than 30' which, at a distance of Ikpc, corresponds 
to more than 8.7pc. Flows can therefore be detected to 
beyond the peripheries of their parent cloud. 

Table 13 lists parameters such as distance, source lumi- 
nosity, outflow length, cloud size and degree of coUimation 
for both the intermediate - mass sources discussed here and 
several well-studied outflows powered by both intermedi- 
ate- and low- mass YSOs. In some regions, the projected 
lengths of the outflows are similar to the sizes of the clouds 
from which they emerge. This correlation of length scales 
is to be expected and there should also be a tendency for 
shocks to be seen near the cloud edges where extinction 
by dust is minimal. 

If we assume an average tangential velocity for outflows 
of 100 kms""'^, in 10^ yrs material originally at the source 
will be transported ~10 pc i.e. typically to the edge of the 
clouds we are studying. Using the evolutionary tracks of 
IPalla & Stabler (1995), we see that such a period corre- 
sponds to about 10% of the time an average Herbig Ae/Be 
star spends in the pre-main sequence phase. It follows that 
only in the case of the more massive YSOs, i.e. those with 
the shortest evolutionary timescales, do HH outflows rep- 
resent a "fossil record" of activity over the totality of the 
outflow phase. 

4.2. Morphology 

HH outflows are episodic: they are clearly not continu- 
ous phenomena. For the most part, the shocks we see are 
generated by supersonic jet material ramming into previ- 
ously ejected slower gas. This process produces a series 
of "working surfaces" , radiative shock systems that fade 
with time and therefore with distance from their source. 
Only the strongest shocks survive to produce dramatic, of- 
ten chaotic, structures on parsec scales. It has even been 



suggested that the b U Ononis phenomena may signal the 
dramatic cha nge in output nee ded at the source to produce 
such a shock l|R.eiDiirthL Il989^ . Thus the spacing between 
HH objects increases with dista nce from the source a t least 
amongst low mass YSOs LReinurth fc Ra,l]vll2n0lh . Such 
a trend is also visible here amongst the flows from in- 
termediate mass YSOs such as LkHa 198 and 1548C27. 
Another phenomenon that occurs with HH outflows from 
low mass YSOs is that the shock structures become larger 
and apparently more chaotic with distance. Again this is 
something which is replicated in their intermediate mass 
YSO counterparts. 

A phenomenon that is found in parsec-scale outflows 
from lower mass YSOs i s that the flow often exhibits "S" 
or "C" shape symmetry l|ReiDurthl . IT9891 possibly as a re- 
sult of jet precession or source motion through the parent 
cloud respectively. In our small sample, we do not flnd any 
clear-cut examples of either although, as previously men- 
tioned, the parsec-scale outflow from 1548C27IRS1 may 
be "S-shaped". 

4.3. CoUimation 

As alluded to in the Introduction, one of the most 
striking differences between parsec-scale outfiows from 
low and massive YSOs is the relative lack of coUimation 
seen in the latter tShcphc rd. Chur chwcll. fc Wilner 



1997t iHunter. Phillips, fc Mentenl 



^ilneil 

liil 



Shepherd. Watson. Sargent, fc Churc hwell'. \ l99^ . This 
point is well illustrated by the archetypal example of an 
outfl ow from a high lumin osity YSO: the Orion IRC2 
flow llAUen fc B urton'. I l993|) . Its opening angle is 90° 
l|Burton fc Alle n. 1994) which is a sharp contrast to the 
angles (typically a few degress) seen in outflows from 
low - mass YSOs. 

Table 121 list "final" opening angles for our small sam- 
ple. Values are determined by dividing the width of the 
most distant HH object by its projected source separa- 
tion. Note that as we are using projected separations the 
quoted values must be upper limits, however our observa- 
tions only reveal the brightest portions of the shocks and 
fainter outer parts may be missed, so the opening angles 
may actually be greater than what is optically observed. 
Observed opening angles range from 0.9° to 12° suggesting 
a degree of coUimation comparable to that seen in outflows 
from low -mass YSOs. This also suggests that the transi- 
tion from well - collimated outflows to poorly- collimated 
outflows occurs at higher masses than the sources observed 
here. 



4.4. The Frequency of Blow- outs 

The true size of an outflow, in comparison to that of 
its parent cloud, is an important factor in determining 
whether the outflow's energy and momentum is trans- 
ported into the ISM or remains within the cloud itself. 
A cursory examination of our data shows a clear tendency 
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LkHa 198 


600 
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> 160 
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2.3 


1 


L1265 


2 


2.8 


1548C27IRS1 


2400 
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580 
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7.5 
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NGC6823 


33 


11.6 


IRAS 19395+2313 


2400 
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320 


1 
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NGC6823 
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30.2 


LkHa 233 
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3.1 
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ANON 


3.2 
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LkHa 234 
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NGC7129 
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L291 


15 
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HH 354 IRS 
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9 
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2.4 


10 


L1165 
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4.04 


PV Cephei 


500 


11 


100 


12 


2.6 


10,13 


L1617 


28 


6.7 


IRAS 05491+0247'*''= 


460 


10 


25 


10 


7.7 


10 


L1617 


28 


7.4 


HHl/2 VLAl-^ 


460 


14 


50 


15 


5.9 


16 


L1641 


25 


10.3 


HH 34IRS'= 


460 


14 


28 


17 


3 


18 


L1641 


25 


1.5 



Table 2. Parameters of newly discovered, and some previously known, parsec- scale outflows from low- and interme- 
diate-mass YSOs. 

: This is the diameter of the cloud where diameter — [major axis + minor axis]/2 

: Sfiow is calculated by taking the width of the most distant shock in both the outflow and counterflow and dividing 
by the projected distance from the source. The mean value of 0fiow for the outflow and counterflow is given here. 
The source of HH 80 / HH 81. 
The source of HHlll. 

These YSOs are low - mass sourc es and are inc lu ded h ere for comparis on pu r poses only. 
Re ferences : 1. this pap e r; 2. IChavarria-Kl lll985l): 3. IPent fc AspinI il992l): 4. ICalvet &: CohenI lll978|) : 
5. IShevchenko fc Yakubovl (ll989^: 6. iHarvev. Wilking. fc Jovl Jl984l): " l Eodriguez Moran. fc Hoi lll98(t: 8 
iMarti Rodriguez, fc R eipurth I il^^m: 9. ISchwartz. Wilking. fc G iulbudagian' lll99lh: 1 0. iReipurth. Ballv. fc DeviM 




11. 



, . , fc ScowenI 

iReipurth et aL (^993,); 18. . Ballv fc Devinel 



j|l98ll ): 12. H 



_ , iMundt & Rav 
15. iHarvev. Jov. Lester. 
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Whitney 
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for HH objects to lie close to the edges of the parent cloud 
or at least close to the edges of clumps. As already men- 
tioned, such an effect is to be expected considering the 
low extinction near cloud peripheries and the very low 
ISM densities beyond the cloud boundaries. 

More importantly, it is clear that actual outflow 
timescales are very long in comparison to apparent dy- 
namical ones. Here dynamical timescales are derived by 
dividing the projected length of an outflow by its esti- 
mated tangential velocity. This, and the observation of 
HH objects near cloud boundaries, immediately suggests 
that most, if not all, of the flows studied here have blown- 
out of their parent cloud. 

4.5. Are outflows a source of cloud turbulence? 

There is plenty of evidence to suggest molecular clouds are 
turbulent (Ward - Thompson 2002 and references therein) 
and that the pressure generated by this turbulence is 
sufficient to prevent clouds from collapsing under their 
own gravity. It has been shown however that cloud tur- 
bulence, even in the presence of magnetic fields, de- 
cays too quickly comp ared to ty pical cloud lifetimes 
ijStone. O striker. fc Gam miej . Il998(l and must therefore 
be somehow replenished. Could outflows be the primary 
source of turbulence in molecular clouds? 

The parsec-scale HH outflows imaged here appear 
largely well-collimated and therefore one might think they 
could affect only a narrow cone of ambient material. One 



has to remember however that these flows are supersonic 
and that we are viewing only the most highly coUimated 
outflow component. The same flows "imaged" in the CO J 
= 1^0 line would normally appear much less coUimated, 
especially at low velocities. That these flows affect cloud 
structure on parsec scales is evident from features such as 
the large CO "cavity " in NGC 7129. No doubt they also af- 
fect cloud dynamics. lArce fc Goodmanl(l200ll) for example 
has found that molecular outflows associated with parsec- 
scale HH flows can possess kinetic energies comparable to 
the turbulent and gravitational binding energies of their 
parent clouds. This proves however only that they are a 
potentially important source of turbulence. Unfortunately 
we do not understand the coupling between outflows and 
their ambient medium well enough to be sure. Numerical 
simulations (Dow nes fc Cabritl . '2003) are helping to ad- 
dress this problem but further studies are required. 



5. Conclusions 

We have investigated the occurrence of parsec-scale out- 
flows from intermediate - mass YSOs. As is the case with 
lower mass YSOs, such flows appear to be common and we 
report the discovery of four here with well defined sources. 
These include LkHa 198, 1548C27IRS 1, LkHa 233 and 
IRAS 19395+2313. All of these YSOs, with the exception 
of the last, were previously known to have small-scale out- 
flow activity. 



ihe region surrounding the Herbig Ae star Lkna264: 
is cluttered with outflows and candidate sources. Twelve 
new HH objects are reported on here, with many of them 
lying along a preferential axis centred near LkHa 234 and 
orientated in a northeast-southwest direction. Their mor- 
phology suggests that at least some arc part of a large- 
scale flow centred on the core of the NGC7129 cluster. 

Parsec- scale outflows from intermediate - mass YSOs 
show a number of similarities to those from their low- 
mass counterparts. In particular : 

- their lengths and degree of collimation appear compa- 
rable, 

- they share the same morphological trends such as 
decreasing frequency, increasing dimension and increasing 
complexity of HH emission with distance from the source. 

The lengths of these large-scale outflows are usually 
comparable to the clump size of their associated clouds. 
As their expected lifetimes are much larger than the ap- 
parent dynamical timescales, this suggests that many have 
"blown-out" of the cloud complex. 

Finally, it is evident that the transition from highly 
coUimated jet -like flows to poorly collimated wide - angle 
outflows such as OMC 1 must lie at higher masses and 
luminosities than the sources studied here. 
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Fig. 1. LkHal98 [SII] : Mosaic of the entire outflow around LkHal98, including the three newly discovered HH 
complexes with the main outflow axis delineated by a dotted line. For all images relating to LkHa 198 (Figs. ^ 121 and 
O north is to the left and west to the top but for all subsequent images, north is to the top unless specified otherwise. 
The continuum subtracted [SII] image of Corcora n. Ray. & Basticn (1995) is inset , showing the HH 164 knots (C, D, E 
and F), most of which are not seen in our [SII] image due to the presence of the reflection n ebula. Here, the position of 
LkHa 198 is indicated by a white cross slightly east of knot C. The P.A. of HH 164 at 340° l|Corcoran. R.av. fc BastienL 
is marked on the inset and it can be seen from the outflow axis on the main image that the P.A. of the extended 
outflow is also at 340°. There are two known optically invisible IRAS sources in the region and their positions are 
marked. The white strips delineate gaps in the WFC CCD mosaic. 




Fig. 2. LkHal98 [SIIJ : HH800 and HH801 showing var- 
ious features referred to in the text. The knotty morphol- 
ogy of HH801 is clearly seen here. 




Fig. 3. LkHal98 [SIIJ : HH802, to the southeast of 
LkHa 198. 




Fig. 4. 1548C27 Ha : Entire outflow around 
1548C27IRS1. Note that north is to the top and 
east to the left in this and subsequent images. An ap- 
proximate outflow axis is marked here, at a P.A. of ~ 
45°, however the outflow appears to be precessing - see 
text (section . 




Fig. 5. 1548C27 Ha : HH365, to the northeast of 
1548C27IRS1. 




Fig. 6. 1548C27 Ha : Possible HH knots A, B and C to 
the northwest of HH 165 




Fig. 7. 1 548C27 Ha : The morphology of HH 803 is clearly 
seen in optical images. 




Fig. 8. IRAS 19395+2313 Ha : The region around IRAS 19395+2313, including all known additional IRAS sources in 
its vicinity. Note that IRAS completeness at this distance is > IOOLq. Four newly discovered HH objects are marked. 
The position of the conical nebula, visible on the Palomar Sky Survey Red (E) plate and which might be associated 
with the driving source for HH806, is indicated. The possible outflow from IRAS 19395+2313 is marked with a dotted 
line at a RA. of 80°. 




Fig. 9. IRAS 19395+2313 Ha : HH805 and its candidate 
driving source IRAS 19395+2313. 



Fig. 10. LkHa 233 [SII] : The entire outflow around LkHQ:233 including all known optically invisible IRAS sources 
in the region. The major axis of the outflow at 62° through the source is indicated by a straight line. The continuum 
subtracted ([SII]-V) image in the top right corner shows HH814 more clearly. The area around LkHa 233 is marked 
by a box and is seen in more detail in Fig. 12. 




Fig. 11. LkHa 233 [SIIJ: HH810-HH813, to the southwest of LkHQ!233. 
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Fig. 12. ifcifo 233 [SII]: Continuum subtracted image of 

the centre of the LkHa 233 nebula. The jet is optically vis- 
ible here, along with a number of other emission features 
close to the source including HH 808 and HH 809. 




Fig. 13. LkHa 234 [SH]: Mosaic of the entire outflow around LkHa234. The position of \Mla2M is marked with 
a white star - the area surrounding LkHa 234 indicated by the box can be seen more clearly in Fig. ^1 The dotted 
line marks the primary outflow axis flow at 60°/ 240°. There is an optically invisible IRAS source in the cluster, 
IRAS 21418+6552, the position of which is marked with a white cross in Fig. E| Other known infrared sources in the 
region are also indicated. 
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Fig. 14. LkHa 234 [SHJ • The cluster region (indi- 
cated in Fig. [UHl iiicludinK the "inner" and " outer" op- 
tical jets dRav^alirmflnHCabrit. et aTLITflflTh. The con- 
trast has been changed here with respect to Fig. E| 
so that more objects within the cluster core are vis- 
ible. The white cross to the southwest of LkHa 234 
marks the position of IRAS 21814-1-6552. Black crosses 
and X's are used to mark the positions o f HH objects 
found bylEiroa. Gomez de Castro, fc Miranda (,1992;) and 
iMiranda. Eiroa. fc Gomez de Castrcl l)l993j) respectively. 
The apparent primary outflow axis through the cluster at 
60°/ 240° is marked. 




Fig. 15. LkHa 234 [SHj: HH815, to the northeast of the 
cluster, is the most distant, known, outlying HH object in 
this region. Its relative position is seen in Fig. ^1 




Fig. 16. LkHa 234 [SHJ: HH816 - HH821 (A and B), to 
the northeast of LkHa 234. 




Fig. 17. LkHa 234 [SH] : HH103A and HH822 to the 
southwest of LkHa 234. 



